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Abstract 
In this paper, the breadth first search algorithm and the convex hull solution of large-scale 3D/2D point set were used to directly obtain 
the fragment characteristics and distributions of the debris cloud produced in a hypervelocity impact, which was simulated by the smooth 
particle hydrodynamics (SPH) method. The computational method of debris identification and characteristic parameters recognizing from 
numerical simulation data produced by SPH method was developed. The numerical simulation was compared with test which was carried 
out at the ballistic range of CARDC (China Aerodynamics Research & Development Center). The fragment number and mass distribution 
obtained by the numerical calculation agree with those obtained from the test. The method developed in this paper can acquire the 
fragment characteristics and distributions from hypervelocity impact numerical simulation results, and can be used for data processing and 
damage analysis in numerical simulation of hypervelocity impact. 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact Society. 
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Nomenclature 
d  distance between point and line or surface of (mm) 
f  numerator of the expression of d  
g  surface function 
0l  threshold parameter of (mm) 
n  number of data points 
0r  the initial distance of two particles of (mm) 
t  target plate thickness of (mm) 
v  velocity of (km/s) 
iA  serial number of data points 
iB  serial number of data points 
D  pellet diameter of (mm) 
G  graph name 
Greek symbols 
 coefficient of surface equation 
 coefficient of surface equation 
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 coefficient of surface equation 
 coefficient of surface equation 
 impact angle of °) 
 time of ( s) 
1. Introduction 
The debris cloud characteristic is important in the hypervelocity impact research. To provide helpful information, the 
characteristics of debris cloud must be understood clearly, such as the distributions of fragment size, mass, velocity and 
momentum. 
Due to the limitations of theoretical and experimental methods, numerical simulation is important in studying 
hypervelocity impact problems of space debris, but numerical results can’t be used directly for debris analysis. For example, 
when applying the smooth particle hydrodynamics (SPH) method to simulate hypervelocity impacts [1~3], all the objects 
are discrete particles in space (Fig. 1). The lack of continuity makes it difficult to obtain the fragment characteristics and the 
distribution of fragment mass. Therefore, it is necessary to develop a method to identify and obtain the fragment 
characteristic parameters. 
Fig. 1.  Data point set of numerical simulating on hypervelocity impact 
There are some research work on identifying and obtaining fragment characteristic parameters from the SPH simulation 
results. Xu [4] used a method of ‘neighbor’s neighbor’ to identify the debris without obtaining the fragment characteristic 
parameters. Zhang [5] combined finite element method (FEM) and SPH to obtain fragment characteristic parameters, with 
binary image conversion and statistics of connectedness regions on the image. This method is difficult to deal with cases of 
large deformation or erosion. 
In this paper, a fast computational method is developed, which could obtain the fragment characteristics and distribution 
from large-scale data point set which is produced by SPH simulation, and could be used for data post-processing and 
damage analysis of hypervelocity impact numerical simulation. 
2. Debris identification algorithms 
To judge whether several discrete data points belong to the same fragment, a threshold parameter 0l  is defined. If the 
distance of two data points is shorter than 0l , they belong to the same fragment. There is a certain experiential to get the 
value of 0l , considering the tensile deforming of the fragment particles, 0l  is usually set a little bigger than the initial 
distance (before impact) 0r  of two particles, e.g. 1.1~1.3 0r . Before debris cloud fully developed, it would incorrectly divide 
different fragment particles into one fragment if 0l  is too large. The relative velocity of the particles to each other is not 
appropriate for judging whether the particles belong to the same fragment or not, because there are different fragment 
particles have the same velocity. 
Take the data point set as a graph G . If the distance between two nodes (data points) is not larger than 0l , they are 
connected. Each connected graph regarded as a single fragment. Therefore the problem of identifying fragments turns into 
finding the connected graphs in the graph G . 
Herein, the breadth first search (BFS) algorithm [6, 7] is used to search the point set of connected graph, and then the 
number of fragments and its particles are obtained. The detail is shown as follows: 
First, the whole space of the point set is divided into regular sub grids; the grid size is not less than 0l  in every 
dimension, and the points in each grid are organized into a linked list (Fig. 2). 
Second, choose a random point iA  as the start point; visit the points 1B , 2B , …, nB  which have never been visited 
before and belong to the same fragment with iA  in the linked list within the grid and the neighbor grids (Fig. 3). Then 
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choose the points 1B , 2B , …, nB  as the new start points respectively, repeat the same search process, and continue this 
procedure, until all of the points which belong to the same fragment with iA  are visited, then the point set of connected 
graph is found out. 
Fig. 2. Linked list of data points in sub grid   
Fig. 3. Visit the points by breadth first search algorithm in linked list 
If G  is a connected graph, all of the points will be visited in one search process, and that means all points belong to one 
fragment. Otherwise, choose another random point which has not been visited as the new start point, repeat above search 
process, until all of the points in graph G  have been visited. Each connected graph is a fragment, and the points of 
connected graph are the particles of the same fragment. 
3. Method of obtaining debris characteristics 
Since the particles of connected graphs are obtained, we can further analyze the fragments characteristic parameters. 
More attention should be paid to the fragment including large number of particles. Although in principle the fragment mass, 
velocity components and the coordinates of fragment centriod could be calculated by adding up the corresponding 
parameters, error produced by ‘small number’ plus ‘big number’ should be avoided. 
However, the work will be huge while calculating the fragment characteristic size by comparing the distance between 
each two points, especially in the case that a fragment includes large number of particles. A method for calculating the 
characteristic size of fragments constituted by these large scale 3D/2D point sets is developed, which is based on the 
solution of convex hull. Its foundation is: 
A convex hull of point set could be defined as the minimum convex polyhedron (3D) or convex polygon (2D) which 
includes all of the data points, while expanding any given surface (side) unlimitedly, all points should be on the same side of 
the expanded surface (side) [8]. From the definition of convex hull, the fragment characteristic length must be the maximal 
distance between vertexes of the convex hull. Except the special case (the debris shape is a hollow sphere), the number of 
vertexes of convex hull is much smaller than the whole points in the data set, and thus the fragment characteristic size can 
be calculated simply by the solution of convex hull. 
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The data points of connected graph are divided into the vertexes and the internal points of convex hull (Fig. 4). The 
procedure of constructing the initial convex hull by some special points (e.g. extreme points), and then deleting the internal 
points to reduce the number of points improves the efficiency of the algorithm. 
 
Fig. 4. 3D data point set and its convex hull 
A method by the loop of constituting and expanding initial convex hull is used to find out the convex hull of data point 
set. The overall scheme of the algorithm is: 
The first step is to set up an initial convex hull, which divides the fragment particles into three sections: the vertexes, 
external points and internal points. The external points may be the vertexes of final convex hull, but the internal points must 
not on the final convex hull. The second step is to delete the internal points, and the third step is to expand the initial convex 
hull continually to form the final convex hull by the farthest points to the surface of last convex hull. The detail is shown as 
follows: 
Set up an initial tetrahedral convex hull (Fig. 5), the vertexes of which could be chosen by the following method: 
Take two points that have the maximum and minimum z  coordinate (points 000 ,, zyxN  and 111 ,, zyxM  in Fig. 5), 
then find out the farthest point to the line MN . The equation of line MN  is 
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where iˆ , jˆ , kˆ  are the unit vectors of three coordinate axes and the outermost signal “ ” denotes the module of 
vector. The numerator zyxf ,,  in equation (2) could be used to compare the distance between the point and line 
MN , and thus the operations of division and square root in computation are avoided, which could improve the 
efficiency of the algorithm [9]. The point with maximum zyxf ,,  is the farthest point to line MN  (point 
222 ,, zyxO  in Fig. 5). 
The last point of initial tetrahedral convex hull could be obtained by finding out the farthest point to surface MNO . The 
equation of surface MNO  is  
0,,
020202
010101
000
zyx
zzyyxx
zzyyxx
zzyyxx
zyxg .                                      (3) 
The distance from any point zyx ,,  to surface MNO  is 
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Then the point with maximum zyxg ,,  is the farthest point to surface MNO  (point 333 ,, zyxP  in Fig. 5). From the 
definition of convex hull, points M , N , O , P  should be the vertexes of final convex hull. 
Fig. 5. Set up initial convex hull 
 
 
 
 
 
 Fig. 6. Expands the convex hull 
The point set of connected graph is divided into internal points, external points and vertexes by the initial convex hull. 
Delete the internal points, visit the external points in turns, add the farthest points to the vertex set of convex hull, and then 
expend the convex hull with the sides of convex hull (Fig. 6). 
The relationship between the point and the surface can be determined by the same manner to determine the distance 
between a point and a line. Set the positive normal direction of surface MNO  to the outside of convex hull, while 
0,, zyxg , point zyx ,,  is in the side of negative normal direction of surface MNO ; while 0,, zyxg , point 
zyx ,,  is in the side of positive normal direction of surface MNO  and while 0,, zyxg , point zyx ,,  is on the 
surface MNO . The point with maximum zyxg ,,  is the farthest point to the surface MNO  in the side of positive normal 
direction. While zyxg ,,  is negative for every surface, the point zyx ,,  is the internal point of convex hull, then delete it 
to improve the efficiency of algorithm. 
While expanding the convex hull, make a new surface by the new vertex and the sides of convex hull, add the new 
surface to convex hull if which satisfied the definition of convex hull by the vertexes, and then delete the surfaces set up in 
the last step if it does not satisfy the definition of new convex hull anymore. The final convex hull is found out while all of 
the external points have been visited and the internal points have been deleted. 
Since the point set of final convex hull is obtained, the fragment characteristic size could be analyzed. The vertexes of 
final convex hull must be the boundary particles of fragment, and the number of vertexes is much less than the number of 
fragment particles. Thus the fragment characteristic size can be calculated simply. The characteristic length could be 
computed by the maximum distance between two vertexes. Projecting all the vertexes along the direction of characteristic 
length to form a 2D point set, the length and width of convex polygon of the 2D point set are the fragment characteristic 
width and height, respectively. 
Based on the algorithm, a program named DebrisID is developed. The time complexity of the algorithm is nnO log , 
which means a great advantage in dealing with debris cloud that represented by large-scale 3D point set. For example, in the 
simulation of the breakup of spacecraft, the data number could be millions or tens of millions, with the help of DebrisID the 
debris cloud can be characterized in several minutes. 
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4. Applications of the algorithm 
While using SPH method to simulate hypervelocity impact, how to decide whether the impact process has ‘finished’ or 
not is still a matter of experience. Longer the simulation time is, more fully the debris cloud develops, and then more exact 
the fragment identification would be. But it would require higher cost of simulation. In this case, it may take a comparison 
with the fragment number between different times after impact, for example, while the fragment number varies no more 
than 1% between 1ms time interval, the impact process could be considered as finished. If possible, it is better to take longer 
time intervals. 
The SPH simulation data is processed by DebirsID and the numerical results are compared with test which was carried 
out at the ballistic range of CARDC (China Aerodynamics Research and Development Center). The space distribution of 
fragment is shown in Fig. 7, in which the test result is from reference [10]. 
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Fig.7. Comparison between numerical simulation and test results 
Fig. 7 shows that the shape and size of debris cloud which is produced by numerical simulation and test are similar at the 
same time: in the case of normal impact, the shape of debris cloud approximates ellipsoid, the radial radius expands to 25 
mm and the front of debris cloud move ahead of impact point 75 mm at 15.6 s; in the case of oblique impact, the shape of 
debris cloud present a ‘soup spoon’, the front of debris cloud move ahead of impact point 37.5 mm and expands downwards 
25 mm at 14.5 s. 
The fragment number, size and mass is compared between test and numerical simulation, as shown in Fig. 8, in which 
the projectile is a 4.5mm aluminum sphere, and the target is an aluminum plate. The test result is from reference [11]. 
In terms of the fragment number, both the simulation and test results show that the small size fragments constitute the 
absolute majority, and the number reduces rapidly while the fragment size increases. Since it is difficult to retrieve all small 
size fragments in the test, the numerical number of small size fragments is larger than test results, while the number of large 
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size fragments agrees with test result. In terms of the fragment mass ration distribution, the calculation and test results show 
the same trend. 
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Fig. 8. Comparison of fragment characteristics between test results and numerical simulation 
5. Conclusions 
Based on the SPH simulation results, a method to identify debris and obtain the characteristic parameters from large-
scale 3D data point set is developed in this paper. The numerical data is compared with test. The results show that numerical 
simulation agreed with test in the fragment number and mass distribution basically. Since it is difficult to retrieve all small 
size fragments in the test, the numerical number of small size fragments is more than test results, while the number of large 
size fragments agrees with test results. In terms of the fragment mass ration distribution, the calculation results and test 
results show the same trend. The method developed in this paper can acquire fragment characteristics and distribution from 
hypervelocity impact numerical simulation results, which could be used for data processing and damage analysis of 
hypervelocity impact numerical simulation. 
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